We report a gold nanoparticle (AuNP)-capped mesoporous silica nanoparticle (Au-MSN) platform for intracellular codelivery of an enzyme and a substrate with retention of bioactivity. As a proof-of-concept demonstration, Au-MSNs are shown to release luciferin from the interior pores of MSN upon AuNP uncapping in response to disulfide-reducing antioxidants and codeliver bioactive luciferase from the PEGylated exterior surface of Au-MSN to Hela cells. The effectiveness of luciferase-catalyzed luciferin oxidation and luminescence emission in the presence of intracellular ATP was measured by a luminometer. Overall, the chemical tailorability of the Au-MSN platform to retain enzyme bioactivity, the ability to codeliver enzyme and substrate, and the potential for imaging tumor growth and metastasis afforded by intracellular ATP-and glutathione-dependent bioluminescence make this platform appealing for intracellular controlled catalysis and tumor imaging. ABSTRACT: We report a gold nanoparticle (AuNP)-capped mesoporous silica nanoparticle (Au-MSN) platform for intracellular codelivery of an enzyme and a substrate with retention of bioactivity. As a proof-of-concept demonstration, Au-MSNs are shown to release luciferin from the interior pores of MSN upon AuNP uncapping in response to disulfide-reducing antioxidants and codeliver bioactive luciferase from the PEGylated exterior surface of Au-MSN to Hela cells. The effectiveness of luciferase-catalyzed luciferin oxidation and luminescence emission in the presence of intracellular ATP was measured by a luminometer. Overall, the chemical tailorability of the Au-MSN platform to retain enzyme bioactivity, the ability to codeliver enzyme and substrate, and the potential for imaging tumor growth and metastasis afforded by intracellular ATP-and glutathionedependent bioluminescence make this platform appealing for intracellular controlled catalysis and tumor imaging.
I ntracellular delivery and controlled release of multiple biogenic molecules, such as genes, enzymes, proteins, and other molecules of pharmaceutical interest, 1À5 provides a powerful tool for therapeutics and fundamental studies of biological processes such as enzyme-catalyzed reactions. While intracellular enzyme delivery has been studied using nanocarriers, 2À4 the codelivery of enzyme and substrate for enzymatic reactions mediated by intracellular factors has not been reported to date. Modulation of enzymatic reactions by cellular factors provides a potent means to gain information about cellular processes such as signal transduction, DNA replication, and metabolism. These cellular factors can be considered as biological markers and therapeutic targets for disease diagnosis and treatment. 6À8 For example, a key metabolite involved in maintaining a reduced intracellular redox milieu is the tripeptide glutathione (GSH). 9 GSH has long been suggested to be part of signaling cascades transuding environmental signals to the nucleus, and its elevated concentration in many types of tumors is often associated with an increased resistance to chemo-and radiotherapy. 8 Likewise, as biological energy, adenosine triphosphate (ATP) is involved in a multitude of important intracellular physiological processes, such as protein metabolism and cell apoptosis, the level of which is a measure of tumor cell viability and growth. 6 Therefore, intracellular codelivery of enzymes and substrates for cellular factor (e.g., GSH and ATP)-mediated enzymatic reactions would not only afford novel biocatalysis inside live cells but also find application in monitoring of tumor growth and metastasis. Two major challenges, however, are (1) the design of nanomaterials for intracellular controlled release of multiple biogenic species with preserved bioactivity and (2) the development of methods for imaging and quantification of cellular-factor-mediated catalytic reactions.
Mesoporous silica nanoparticles (MSNs) were recently demonstrated to be excellent candidates as vehicles for codelivery applications 10, 11 as a result of the coexistence of both interior pore and exterior particle surfaces for loading various guest molecules. This unique feature provides the possibility of using MSN for controlled release and codelivery of enzymes and substrates for intracellular enzymatic reactions. With respect to the challenge of imaging and quantification, most studies on nanoparticle-based tumor imaging have focused on their cellular uptake and have relied heavily on fluorescence readout, which cannot provide biologically relevant information on cellular processes. Bioluminescence has gained favor in the past decade as an attractive approach for tumor imaging. 12À17 This technique is based on light emission by the luciferase-catalyzed oxidation of the luciferin substrate, which occurs in an ATP-dependent manner. 18, 19 A vast number of experiments have been carried out to examine tumor growth and the effect of therapeutics using tumor cell lines that have been genetically engineered to produce luciferase. 12À17 However, the detection of photons is dependent on the circulatory half-life of the injected luciferin substrate and its perfusion into the tumor. 20 The fast elimination of luciferin from circulation makes utilizing it in many clinical applications challenging. 20 Both the sophisticated gene engineering and the short circulatory half-life of luciferin call for novel nanomaterials for intracellular codelivery of luciferase and luciferin, which would offer the additional advantage of improved tumor uptake via the enhanced permeability and retention (EPR) effect.
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Herein we report the development of a gold nanoparticle (AuNP)-capped MSN (Au-MSN) system and our investigations of the intracellular codelivery of luciferase and luciferin as a model enzymeÀsubstrate pair. As depicted in Figure 1 , luciferin is loaded in the mesopores of the MSNs and encapsulated with disulfide-linked AuNPs that physically block the luciferin from leaching out. Luciferase is physisorbed on the PEGylated external surface of the Au-MSNs through electrostatic interactions, as previously demonstrated. 22 Luciferin molecules trapped inside the pores are released upon uncapping by intracellular disulfidereducing antioxidants such as GSH or cysteine or the introduction of dithiothreitol (DTT). 23 The released luciferin is in turn converted by the codelivered luciferase to oxyluciferin in the We first synthesized a 3-(propyldisulfanyl)ethylamine (0.9 mmol g À1 )-functionalized mesoporous silica nanosphere (linker-MSN) material using our previously reported method. 23, 24 As described in the Supporting Information (SI), the material was PEGylated by grafting 2-[methoxy(polyethylenoxy)propyl]trimethoxysilane to yield the PEGylated (0.1 mmol g À1 ) linker-MSN with an average particle diameter of 160 nm and an MCM-41-type channel-like mesoporous structure (BJH pore diameter = 2.5 nm) ( Figure 2a) .
We then functionalized the surface of the AuNPs with a carboxylic acid-terminated poly(ethylene glycol) (PEG) linker ( Figure 1 ) through exchange of 1-propanethiol-protected AuNPs 25 with PEG-functionalized thiol ligands in dichloromethane (see the SI). The PEG-functionalized AuNPs (PEG-AuNPs) were negatively charged (ζ potential = À39.6 mV) in PBS (pH 7.4) with an average particle diameter of 3 nm, as determined by transmission electron microscopy (TEM) ( Figure S3b in the SI).
Before the enzymeÀsubstrate Au-MSN system was constructed, the influence of MSNs and AuNPs on the enzymatic activity of luciferase was analyzed by means of a luciferase activity assay. 26, 27 As shown in Figure S4 , the luciferase activity was depressed dramatically upon incubation with linker-MSNs and 1-propanethiol-stabilized AuNPs, with activities of ∼20 and <15%, respectively, after only 1 h incubation. However, nearly 75 and ∼63% of the luciferase activity was observed after 3 h of contact with PEGylated linker-MSNs and PEG-AuNPs, respectively. The enzymatic activity of luciferase was also found to be dependent on the incubation time. A slight decrease in luciferase activity was found when the incubation time was increased from 3 to 24 h, in which nearly 60 and ∼62% of the activity were observed for PEGylated linker-MSNs and PEG-AuNPs, respectively. These data demonstrate that surface PEGylation plays a crucial role in improving the biocompatibility of MSNs and AuNPs for the retention of enzyme bioactivity, which is consistent with other literature reports. 22, 28 Having demonstrated the surface biocompatibility of the materials, we utilized the Au-MSN platform to adsorb and encapsulate the enzymatic substrate, luciferin. To do so, the mesopores of PEGylated linker-MSN (25 mg) were loaded with luciferin (33 μM) in PBS buffer (pH 7.4) and then capped with PEGAuNPs (25 mg) through amide bond formation between the carboxylic acid groups of PEG-AuNPs and the amino groups of PEGylated linker-MSNs (Figure 1 ), giving rise to the desired luciferin-loaded Au-MSNs (Figure 2b ). The loading of luciferin was determined to be 13.1 μmol g À1 by fluorescence emission spectroscopy (see the SI).
TEM imaging provided visual evidence of the mesopore capping with PEG-AuNPs. Figure 2 shows TEM images of PEGylated linker-MSNs before and after capping with PEG-AuNPs. In the case of the uncapped MSN (Figure 2a) , the hexagonally packed mesoporous channels are clearly visible. In contrast, the TEM image of a luciferin-loaded Au-MSN (Figure 2b) shows dark spots on the MSN surface that represent the attachment of AuNPs on the MSN exterior surface.
To determine whether the release of luciferin from the luciferinloaded Au-MSNs could be induced by disulfide cleavage as desired for intracellular controlled release, luciferin-loaded AuMSNs (1 mg mL À1 ) were suspended in PBS buffer (pH 7.4) for 23 h before addition of 1 mM DTT. As shown in Figure 3a , the Au-MSN drug delivery system exhibited less than 5.0% drug release in PBS buffer over of the initial 23 h period. This result suggests a good capping efficiency of the AuNPs for encapsulation of the luciferin molecules against leaching. Addition of disulfidereducing DTT (1 mM) triggered the release of the mesoporeentrapped luciferin. The rate of luciferin release slightly decreased over time until 100% of the total cumulative release (1.44 μmol g À1 ) was reached in 8 h. In addition, the controlled release of luciferin mediated by the Au-MSN system would offer the advantage of improving the circulatory half-life of luciferin 
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COMMUNICATION and also promote tumor uptake via the EPR effect, as required in various in vitro and in vivo luminescence assays. In addition, the disulfide linkage design renders the release of luciferin predominately inside the cells.
9,23,24
The most advantageous feature of this Au-MSN platform is the potential to deliver different biogenic species simultaneously in a controlled fashion. To construct the enzymeÀsubstrate codelivery system, luciferase was immobilized on the external surface of Au-MSNs by incubating luciferin-loaded Au-MSNs (1 mg mL À1 ) with luciferase (1 mg mL À1 ) in PBS buffer (pH 7.4) for 2 h, followed by centrifugation and freeze-drying. The loading of luciferase was measured to be 29.7 μmol g À1 by a luciferase activity assay (see the SI). This system will henceforth be called luciferaseÀluciferin Au-MSN. To examine the applicability of this controlled-release codelivery system, the DTT-stimulated luciferaseÀluciferin reaction was conducted in situ as described in the SI. The luminescence intensity remained at background level over a period of 60 min before the addition of disulfidebond reducing agents, suggesting a "zero premature release" property of this system. After addition of DTT (1 mM), luciferin was released and converted to oxyluciferin in a luciferase-catalyzed light-emitting reaction. As shown in Figure 3b , the pattern of luminescence as a function of time was similar for all DTT doses (0.1, 0.5, 1, and 10 mM). The highest luminescence signal was detected at t = 5 min and gradually decayed, reaching background after ∼180 min. The observed luminescence strongly depended on the DTT concentration. An increase in the luminescence signal was observed with growing DTT dose up to 1 mM, suggesting a dosedependent controlled-release profile. Importantly, when 10 mM DTT was introduced to the system, the luminescence showed a 15% reduction in intensity relative to the signal triggered by 1 mM DTT, which can be attributed to the denaturation of luciferase at high DTT concentrations. 29 Hence, the effectiveness of the luciferaseÀluciferin reaction on the Au-MSN platform depends on the strength of the reducing environment to which it is exposed.
Prior to functional biological studies of the luciferaseÀluciferin Au-MSNs, it was necessary to evaluate the cellular uptake and cytotoxic effects of the material. To do so, we first assessed the cellular uptake of fluorescein isothiocyanate (FITC)-labeled luciferaseÀluciferin Au-MSNs (denoted as luciferaseÀluciferin FITC-Au-MSNs) by human cervical carcinoma (Hela) cells over time. The cells were incubated in the presence of the NPs (50 μg mL À1 ) for increasing periods of time. The percentage of cells internalizing luciferaseÀluciferin FITC-Au-MSNs was then monitored by flow cytometry using the trypan blue exclusion method for quenching the fluorescence of extracellular particles. 30 As shown in Figure S5 , the percent of FITC-positive cells increased with time, reaching over 80% of total cellular uptake at 3 h of contact and a plateau in ∼6 h. In view of the aforementioned incubation time effect on the luciferase activity ( Figure S4 ), 3 h of contact was selected for the following biological experiments. We performed confocal fluorescence microscopy ( Figure 4aÀc ) and TEM (Figure 4dÀf) analyses of Hela cells 3 h after treatment with 50 μg mL À1 luciferaseÀluciferin FITC-Au-MSNs and luciferaseÀ luciferin Au-MSNs, respectively. Indeed, the nanoparticles were easily visible inside the cells, confirming uptake of the materials. Finally, the toxicity of the luciferaseÀluciferin Au-MSNs was assessed by Guava ViaCount cytometry assay with Hela cells. Following 24 h of treatment, we observed minimal toxicity (>95% cell viability) at concentrations of the material as high as 100 μg mL À1 ( Figure S6 ), consistent with the good biocompatibility of MSNs 23, 31 and AuNPs. 32 To demonstrate that the enzymeÀsubstrate Au-MSN system can deliver both the enzyme luciferase and the substrate luciferin for intracellular ATP-and redox-potential-mediated biocatalysis, the luciferaseÀluciferin Au-MSNs (50 μg mL À1 ) were internalized by Hela cells. After 3 h of incubation, the intracellular luciferase-catalyzed luciferin conversion and light emission was assessed by means of an intracellular luciferase activity assay (see the SI). As shown in Figure 5a , a burst of luminescence was observed immediately and slowly decayed over the next 30 min. Neither untreated Hela cells nor cells treated with a solution containing free luciferase and luciferin (10-and 15-fold relative to the loading amounts, respectively) generated detectable luminescence, consistent with the low extracellular ATP level 33, 34 and the membrane impermeability of luciferase. 35 Therefore, the observed luminescence can be attributed to the capability of our Au-MSN system for intracellular codelivery of enzyme and substrate. Furthermore, our model system provides a means of further regulating the enzymatic reaction inside live cells. As a first demonstration of intracellular catalysis with tunability, the enzymatic reaction efficiency was increased by enhancing the Journal of the American Chemical Society COMMUNICATION intracellular reducing environment. As shown in Figure 5b , addition of 1 mM DTT after the decay of the initial intracellular disulfide-reducing antioxidant triggered luminescence that after 10 min reached a peak signal 5-fold higher than the highest initial luminescence and then gradually decayed, in accord with the in situ controlled-release experiment shown Figure 3b . Therefore, this system affords the possibility of serving as not only a universal enzymeÀsubstrate carrier for intracellular controlled catalysis but also a unique reporter for monitoring the intracellular redox potential for the study of drug delivery, cell viability, and tumor growth.
In conclusion, the present study has introduced a novel approach to intracellular codelivery of enzyme and substrate that enables the system to be utilized in intracellular controlled catalysis. Although we have demonstrated only the codelivery of luciferase and luciferin in this study, the concept of delivering multiple biogenic agents using such systems could also be extended to other enzymatic reactions by exchanging the enzymeÀsubstrate pair. In addition, it has been recently observed that MSNs are able to undergo exocytosis and harvest intracellular biomolecules, 36 and thus, we envision that our system could not only conduct biocatalysis inside live cells but also sequester the product out of cells for a variety of biotechnological applications.
The luciferaseÀluciferin Au-MSN system was designed to allow imaging and quantification of the intracellular catalysis for system optimization but also affords a unique route toward monitoring tumor growth and metastasis by means of bioluminescence and using intracellular ATP and GSH levels as indicators. In comparison with traditional bioluminescence assays, which generally employ gene engineering and multiple luciferin injections, only one system needs to be delivered in this strategy. Rapid readouts of the luminescence arising from NP internalization and the intracellular GSH-mediated luciferaseÀluciferin reaction provide a unique platform for evaluating tumor development and a convenient way of monitoring the response to treatments and measuring the therapeutic efficacy, which is of importance for medical diagnosis and drug screening and development.
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